Two distinct regions required for both contact hemolysis and entry into LLC-MK2 cells were cloned into Escherichia coli from the Shigella sonnei form I plasmid, pSS120. The first region was cloned into an E. coli HB101 strain containing noninvasive Tnl insertion mutants of the form I plasmid, and expression of ipa (invasion plasmid antigen) gene products was restored. The plasmid carrying the first region was then transformed into E. coli lacking the form I plasmid, and additional DNA fragments from the form I plasmid were cloned into the same recipient on compatible vectors. Five of these double transformants were found to be positive for contact hemolysis activity. Restriction analysis of these five clones indicated that the previously reported ipa locus and the invA locus were present on the second plasmid region. Only the strains carrying both of these regions were active in contact hemolysis and cell invasion assays. Several proteins, including the a, b, c, and d proteins encoded by the ipa genes, were detected in the double transformants by Western blot (immunoblot) analysis with serum of a monkey convalescing from shigellosis. A positive regulator was suggested to exist in the first region, since the amounts of most of these proteins were simultaneously increased in the presence of this region. Subcloning and nucleotide sequencing indicated that this positive regulator gene was virF. Product analysis of the virF gene with minicells showed that two peptides (30 and 21 kilodaltons) were synthesized and that at least the 30-kilodalton protein was essential for regulation of the ipa genes.
Invasion of the human colonic mucosa by bacterial cells is a critical step in the pathogenesis of bacillary dysentery caused by Shigella spp. or enteroinvasive Escherichia coli (15) . This invasive process is followed by intracellular multiplication, spreading to adjacent cells, and eventual cell killing; these events lead to inflammatory lesions within the lamina propria of intestinal villi (7, 15) . The genus Shigella and enteroinvasive E. coli contain large plasmids that are associated with virulence and have some functions in common (26, 27, 32) . These plasmids, which range in size from 120 to 140 megadaltons (MDa), carry genes for bacterial entry into epithelial cells (27) , subsequent lysis of the phagocytic vacuole, multiplication within cells (28) , and early killing of cells (6) . In addition to these functions, the large plasmid in Shigella sonnei (pSS120), called the form I plasmid, encodes production of form I 0 antigen, which is essential for virulence (14) . To understand the mechanism by which Shigella and enteroinvasive E. coli cells invade epithelial cells, it is necessary to analyze the genes on the large virulence-associated plasmids and investigate the functions of their products.
There are two approaches to analyzing these genes: analyses of transposon insertion mutants (1, 17, 29, 33) and cloning of the essential regions. Many transposon insertion mutants have been isolated, and the regions containing the genes for invasion have been identified. These analyses suggest that a number of genes in at least two distinct regions are required (29, 33) . Although analyses of transposon insertion mutants identified the essential genes, including invA (34) and virF (20, 21, 29) , it remained uncertain whether the regions or genes identified are sufficient for the invasive process. Molecular cloning of these genes and reconstitution of the invasive process are essential to resolve this problem. * Corresponding author.
Maurelli et al. isolated the clones which restored the invasion of HeLa cells in plasmidless Shigella recipients from the virulence plasmid of Shigella flexneri serotype 5 (17) . However, two points remained to be resolved. First, the Shigella strains with the clones did not express a full pattern of invasion: only half of the cells in the monolayer were invaded, and the cells were not invaded as extensively as were those infected by the strain with the large virulenceassociated plasmid (17) . Second, there was an inconsistency between the fact that these clones were not thought to contain the virF gene, as judged from the restriction map (17, 29) , and the observation by Sasakawa et al. that the virF gene was essential for invasion (29) .
Some invasion-negative Tnl insertion mutants of the form I plasmid in S. sonnei were isolated, and a gene, invA, coding for a 39-kDa protein, was identified from analyses of these mutants (33) . In this work, we cloned in E. coli K-12 two regions required for contact hemolysis and cell invasion. One of these regions (the invA region) was found to contain a number of essential genes (inv and ipa genes). The other was suggested to include a positive regulator for the inv genes; nucleotide sequence analysis demonstrated that this positive regulator gene was identical to the virF gene in S. flexneri. Cloning of the two essential regions and reconstitution of the invasive processes of these regions has resolved the inconsistency described above.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. The S. sonnei strain used was HW383 (33) . The E. coli strains used were HB101 (2) (F-hsdS20 recA13 ara proA lacY galK rpsL xyl mtl supE), DH1 (16) (F-hsdRJ7 recAl endA gyrA thi supE), TH1219 (11) (F-minB recAl rpsL tsr tar), and JM109 (35) A cosmid vector, pHSG439 (pSC101 replicon, Cmr) (3), and a low-copy-number plasmid vector, pHSG595 (pSC101 replicon, Cmr) (T. Hashimoto-Gotoh, personal communication), were kindly provided by T. Hashimoto-Gotoh.
Bacteria were routinely grown in broth and on 1.5% agar-solidified plates of antibiotic medium 3 (Difco Laboratories, Detroit, Mich.). Antibiotics and concentrations were as follows: kanamycin, 50 ,g/ml; ampicillin, 50 ,ug/ml; tetracycline, 10 Kxg/ml; and chloramphenicol, 15 ,g/ml.
Preparation and manipulation of DNA. Techniques for preparation of plasmid DNA (except for the large virulenceassociated plasmid [pSS120] DNA) and manipulation of DNA were essentially those described by Maniatis et al. (16) . pSS120 plasmid DNA was isolated by methods described previously (33) .
Plasmid construction. The low-copy-number vector pJK292, derived from a mini-F plasmid, was constructed as shown in Fig. 1 Virulence assays. The assay for contact hemolysis was performed as described elsewhere (28) except that (i) bacteria grown in antibiotic medium 3 were harvested in the early exponential phase and (ii) close contact between sheep erythrocytes and bacteria was achieved by centrifugation at 700 x g in a 1.5-ml sampling tube at 16°C for 15 min.
The tissue culture assay for invasion was carried out with LLC-MK2 cells as described previously (34) . The assay for bacterial growth in LLC-MK2 cells was performed essentially as described elsewhere (28 including the region of the invA gene identified previously (33) . The presence of this gene was confirmed by Southern blot analysis, using the plasmid containing the invA gene (33) as a probe. Plasmids pJK1134 and pJK1141 contained extra fragments (Fig. 3) , and pJK1134 hybridized with the S. sonnei cryptic small plasmid (data not shown). The restriction map of the invA region was almost the same as that of the region cloned by Maurelli et al. (Fig. 3; 17) , and it was deduced that the essential region encompassed about 30 kb of the 37-kb essential region reported by Maurelli et al. (17) . Sall digestion of pJK1115 and pJK1116 produced several common fragments. The plasmid (pJK1143; Fig. 2 ) carrying one of them, a 12-kb SalI fragment, onto the vector pHSG595 (pSC101 replicon) was found to be equivalent to pJK1115 with respect to contact hemolysis and cell invasion.
Contact hemolysis and cell invasion. When the invA region was cloned with pJK292 (F replicon) as described above, strains with different degrees of contact hemolysis activity were obtained: those harboring pJK1134 had higher activities than did those harboring pJK1133, pJK1140, pJK1141, and pJK1142. In addition, entry into LLC-MK2 cells almost paralleled contact hemolysis activity (data not shown). In the presence of pJK1143, the contact hemolysis activity of pJK1134 at 37°C, expressed as [optical density at 550 nm (hemolysis)/optical density at 630 nm (bacterial cell mass)] x 1,000, was about 1.5-fold that of pHW1273 (935 ± 128 versus 690 ± 109), and the activity of pJK1142 was about one-fifth that of pHW1273 (138 ± 35 versus 690 + 109). Activities of pJK1133, pJK1140, and pJK1141 were about the same as that of pJK1142. In the absence of pJK1143, however, activities of strains with each of these clones alone were almost the same as that of the host strain with no plasmid. Cells lacking one or both of these plasmids very frequently appeared even if the cells were grown under selective pressure in the presence of antibiotics. Percentages of cells carrying both plasmids in the contact hemolysis assay (i.e., Kmr Cmr strains) were as follows: pJK1134, 72% at 30°C and 5% at 37°C; and pJK1142, 61% at 30°C and 41% at 37°C.
The fact that pJK1134 had higher activity than did the other pJK292 derivatives (pJK1133, pJK1140, pJK1141, and pJK1142) could not be explained by differences in the cloned regions as shown in Fig. 3 . Possibly the copy number of pJK1134 was much higher (about 20-fold) than that of pJK1133, pJK1140, pJK1141, and pJK1142 (about one copy per cell), as judged from comparison of the densities of plasmid DNAs stained with ethidium bromide in agarose gel. This result may indicate that the activity is gene dosage dependent. The higher copy number of pJK1134 could be ascribed to the cryptic small plasmid cloned simultaneously into pJK1134 (see above; Fig. 3 ).
Proteins derived from the cloned regions. Immunogenic proteins synthesized from cloned regions were investigated by Western blot analysis, using serum from a monkey challenged with S. flexneri lb. Products of the bacterial cells carrying no plasmids, pJK1134 alone, and both pJK1143 and 1134 were analyzed. Several bands could be detected in the bacterial cells carrying both plasmids; the amounts of these bands were simultaneously decreased in cells carrying pJK1134 alone (Fig. 4A ). This effect of pJK1143 on the amounts of the products was consistent with the effect observed on contact hemolysis and invasion (see above). The fact that the amounts of several proteins were simultaneously increased in the presence of pJK1143 suggested the existence of a positive regulator on this plasmid. The proteins labeled a, b, c, and d (Fig. 4A ) appeared to be the same as those identified by Hale and co-workers (10), as judged from their apparent molecular weights. In addition to these ipa proteins (5), 10 bands could be detected in pHW1273, pJK1134, and PJK1142. These were numbered according to molecular size (Fig. 4B) and pJK1145) carrying one of the SmaI fragments of pJK1143 were found to be active (Fig. 6) . Two series of deletion mutants were constructed from pJK1144 and pJK1145, and the contact hemolysis activity attributable to these plasmids and pJK1142 was assayed. The regulatory gene was found to be located in a 0.9-kb region (Fig. 6) ; the nucleotide sequence of this region is shown in Fig. 7 . The nucleotide sequence was almost identical to that containing the virF gene, identified as the gene required for virulence and Congo red binding in S. flexneri (20, 21) . The only difference between virF of S. flexneri and virF of S. sonnei was the existence of one extra base, A, at position 127 in the region identified (Fig. 7) Identification of the products of the regulatory gene. To determine whether the gene products of virF in S. sonnei and S. flexneri were similar, the products of pJK1148 (Fig. 6) were analyzed with minicells. To avoid interference by the product of the bla gene in pUC18, a plasmid vector, pACYC184, digested with PvuII was inserted into the ScaI site within the bla gene to construct pUC18-pACYC184, pJK1148-pACYC184, and pJK1149-pACYC184. The products of the clones were labeled in minicells and analyzed by sodium dodecyl sulfate-gel electrophoresis. Two bands, 30 and 21 kDa, could be clearly seen in pJK1148-pACYC184 (Fig. 8, lane 2, 4, and 5 ). The 30-kDa protein was not produced by pJK1149-pACYC184, whereas the 21-kDa protein and the extra band (29 kDa) were detected. This result indicated that at least the 30-kDa protein was essential for the regulatory activity of pJK1148. The 21-kDa band was not produced by pJK1151 (Fig. 8, lane 6) , which lacked the putative COOH-terminal region of the coding region (compare with pJK1150; Fig. 8, lane 7) . These results suggested that these two proteins (30 and 21 kDa) could be derived from the same coding region by using different initiation sites.
Although a signal peptide-like amino acid sequence could be detected at the N terminus (amino acids 1 to 24 6 . Restriction maps of deletion derivatives of pJK1144 and pJK1145. pJK1150 and pJK1151 were derived from pJK1145. pJK1146, pJK1147, pJK1148, and pJK1149 were derived from pJK1144. Shown are vector pHSG595 (_) and part of vector pUC18 (=I). Thin lines indicate cloned regions of the form I plasmid; + and -indicate positive and negative, respectively, for contact hemolysis activity in the strain carrying each of the plasmids as well as pJK1142. The 0.9-kb region containing the virF gene is indicated at the bottom. B, BamHI; H, HindIII; P, PstI; S, Sall; Sm, SmaI. Furthermore, Sakai and co-workers found that the virF products were localized in the outer membrane (T. Sakai, C. Sasakawa, and M. Yoshikawa, paper presented at the annual meeting of the Japanese Society for Bacteriology, 1987). The virF product may be similar to the toxR product (19) in acting as a positive regulator in the bacterial membrane. More detailed analysis is necessary to understand the mechanism by which the virF product might regulate the inv genes. It was found that the large virulence-associated plasmids were interchangeable among Shigella species (26) . Although there is somewhat diversity in the overall restriction patterns of the plasmid DNAs (10, 24) , restriction maps of the essential regions for invasion showed that these regions were nearly conserved (33) . Furthermore, this work shows that one of the genes required for penetration into S. sonnei cells was found to be identical, except for a single base pair insertion, to the counterpart in S. flexneri. The diversity in the patterns of digests with restriction enzymes among the large virulence-associated plasmids may be due to the recombinations caused by insertion sequences rather than to the base exchanges by point mutations.
Analyses of the kinetics of intracellular growth of the strains carrying the cloned regions suggest that one or more genes other than those cloned in this work are necessary for multiplication in the invaded cells. Our observation is consistent with the finding of Sansonetti et al. (28) that the S. flexneri strain carrying the invA region alone cannot proliferate in invaded HeLa cells. However, our results do not preclude the possibility that the apparent lack of intracellular growth of our clones in LLC-MK2 cells resulted from the genetic instability of the plasmids that we constructed. To investigate this possibility, we are now constructing genetically stable clones. If other genes are necessary for multiplication, it is possible that these genes could be isolated by transforming the plasmids from other cosmid libraries into the invasive strains constructed in this work. Although it is not clear how many steps are involved in the pathogenesis of Shigella spp., cloning of the determinants and reconstruction with the cloned regions as were done in this study could lead to an understanding of the mechanism.
While we were preparing this paper, Sakai et al. (22) reported that the expression of virulence antigens of an S. flexneri plasmid was positively regulated by the virF product. This result is consistent with our conclusion, although invasion and contact hemolysis activities were not directly assayed in their work. More detailed analyses of the effect of the virF gene product on other inv genes are in progress in our laboratory.
